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Abstract  32 
Serotonergic hypofunction is associated with a depressive mood state, an increased drive 33 
to eat and preference for sweet foods. High-trait anxiety individuals are characterised by 34 
a functional shortage of serotonin during stress which in turn increases their susceptibility 35 
to experience a negative mood and an increased drive for sweet. This study examined 36 
whether an acute dietary manipulation, intended to increase circulating serotonin levels, 37 
alleviated the detrimental effects of a stress-inducing task on subjective appetite and 38 
mood sensations, and preference for sweet foods in high-trait anxiety individuals. 39 
Thirteen high- (11 females and 2 males; anxiety scores 45.5 ± 5.9; BMI 22.9 ± 3.0) and 40 
twelve low- (10 females and 2 males; anxiety scores 30.4 ± 4.8; BMI 23.4 ± 2.5) trait 41 
anxiety individuals participated in a placebo-controlled, two-way crossover design. 42 
Participants were provided with 40g α-lactalbumin (Trp:LNAA ratio 7.6), and 40g Casein 43 
(placebo) (Trp:LNAA ratio 4.0) in the form of a snack and lunch on two test days. On 44 
both test days participants completed a stress-inducing task 2h after the lunch. Mood and 45 
appetite were assessed using visual analogues scales (VAS). Changes in food hedonics 46 
for different taste and nutrient combinations were assessed using a computer task. The 47 
results demonstrated that the α-lactalbumin manipulation did not exert any immediate 48 
effects on mood or appetite. However, α-lactalbumin did have an effect on food hedonics 49 
in individuals with high-trait anxiety after acute stress. These individuals expressed a 50 
lower liking (p=0.012) and sweet food preference (p=0.014) after the stressful task when 51 
supplemented with α-lactalbumin. 52 
 53 
54 
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Introduction 55 
The importance of brain serotonin (5-hydroxytryptamine, 5-HT) in the regulation of 56 
mood and eating behavior has been demonstrated by pharmacological studies. Increasing 57 
5-HT via serotonergic (5-HTergic) agonists elevates positive mood(1-4) and reduces 58 
motivation to eat(5-6) and sweet food consumption(7). Conversely, diminishing the 59 
neurotransmitter via 5-HT antagonists induces a depressive mood state(8) and an increased 60 
carbohydrate-rich food intake(9,10).  61 
Besides pharmacological studies, the acute tryptophan depletion (ATD) paradigm 62 
has been used to investigate the function of 5-HTergic neurotransmission in mood and 63 
eating behavior. ATD induces a temporary global reduction of 5-HT synthesis in the 64 
brain by decreasing the availability of its precursor L-tryptophan (TRP)(11). Although 65 
ATD induces a lowering in mood and an increased sweet food intake, these effects are 66 
particularly, or sometimes solely, observed in individuals with abnormalities in 5-67 
HTergic functioning(12-14). Studies show for instance that remitted depressed patients 68 
relapsed into a depressive episode after ATD, while the mood of healthy participants was 69 
not affected(15,16). In another study, ATD induced an increased food intake in women 70 
suffering from bulimia nervosa, whereas food intake of healthy, non-bulimic women 71 
remained stable(17). Consequently, insights from ATD studies gave rise to the term 72 
‘serotonergic vulnerability’ - used to describe the findings that some individuals have a 5-73 
HTergic system that is more vulnerable to 5-HTergic alterations probably due to a priori 74 
abnormalities in the functioning of this system(18,19).   75 
Although deficiencies in the 5-HTergic system are mainly associated with clinical 76 
syndromes, it has been suggested that 5-HTergic vulnerability may also occur in healthy 77 
individuals with chronic stress experiences which increases susceptibility to 78 
depressogenic effects of acute stress exposure(20). Overall, acute stress causes an increase 79 
in cortisol and 5-HT as important biological conditions enabling the human brain to cope 80 
with stress. Nevertheless, chronic stressed or stress-prone individuals perceive many 81 
events as stressful and will therefore frequently experience high cortisol levels. In the 82 
long-term, chronic hyper secretion of cortisol results in decreased 5-HT receptor 83 
sensitivity and diminution of 5-HT turnover(21). It is proposed that the ensuing functional 84 
shortage of 5-HT during stress may cause individuals to become more sensitive to 85 
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stressors and hence to be particularly susceptible to debilitated mood(22), an increased 86 
drive to eat and an increased desire for sweet(23-25) during acute exposure to stress. 87 
Moreover, it has been proposed that the detrimental effects of stress on mood and eating 88 
behavior in stress susceptible individuals could be moderated by an increase in 5-HT. 89 
Consistent with this premise are a series of studies conducted by Markus et al.(26-28). This 90 
research group used α-lactalbumin, a whey derived protein with the highest TRP 91 
concentration of all protein fractions(29), to increase the plasma ratio of TRP to the other 92 
large neutral amino acids (LNAAs). This increases transport of TRP across the blood-93 
brain barrier, thereby enhancing brain 5-HT synthesis and potentially 5-HT 94 
neurotransmission(30). In accordance with the hypotheses, α-lactalbumin reduced prolactin 95 
and cortisol concentrations and improved mood during a stressful task in stress-prone 96 
individuals(26,27). Yet, a similar study by Merens et al.(31) did not replicate this effect in 97 
recovered depressed patients. Furthermore, a study investigating the effects of α-98 
lactalbumin on eating behavior found no effect of the intervention on subjective appetite, 99 
macronutrient preference and food intake(32).  However, in this study information about 100 
the susceptibility to stress was not measured.   101 
The aim of the present study was to examine the acute effects of α-lactalbumin on 102 
mood, appetite and food hedonics (liking and food preference) in individuals susceptible 103 
to stress before and after exposure to an acute stress task. It was hypothesised that: i). 104 
Any detrimental effects of acute stress on mood would be alleviated by acute 105 
administration of α-lactalbumin in high-trait individuals; ii). Acute administration of α-106 
lactalbumin would reduce the stress-induced preference for sweet foods in high-trait 107 
individuals.  108 
 109 
Experimental methods 110 
Participants 111 
Australian University students were emailed to complete an online screening 112 
questionnaire package containing the State- Trait Anxiety Inventory (STAI)(33) and a 113 
questionnaire concerning personal details. The STAI consists of two separate self report 114 
subscales: the trait anxiety and state anxiety scale. The trait anxiety scale refers to a stable 115 
tendency to experience anxiety and to perceive stressful situations as threatening(34) and 116 
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thereby refers to chronic feelings of anxiety and/or stress. From 108 email respondents, 117 
26 students met the eligibility criteria and expressed an interest in participating in the 118 
study. A further 76% of email respondents met eligibility criteria, but declined due to 119 
time constraints preventing their participation. Furthermore, one participant did not 120 
complete the study (withdrew before the second session) for reasons unrelated to 121 
treatment. Mean ± S.D age of the 25 participants who completed the study was 21.3 ± 4.2 122 
years. Exclusion criteria for participation were a BMI>30.0 kg/m2, chronic or current 123 
physical or psychiatric illness, medication use, irregular diets or deviant eating habits, 124 
smoking, excessive use of alcohol (>20 units a week), coffee (>10 cups a day) or other 125 
drugs and allergy for milk products. Participants were separated into two groups 126 
according to a median split in their trait-anxiety scores of the STAI, resulting in a high-127 
anxiety (HA) group of 13 participants (11 women and 2 men, STAI scores 45.5 ± 5.9) 128 
and a low-anxiety (LA) group of 12 participants (10 women and 2 men, STAI scores 30.4 129 
± 4.8). Previous research has shown that the mean (± S.D) score on the STAI of healthy 130 
volunteers is 33.39 (±13.51), while individuals’ scores with a panic disorder, social 131 
phobia and specific phobia ranged between 47.39 (±13.51) and 55.93 (± 8.30)(35). All 132 
participants had a body mass index in the range 20-28 kg/m², (22.9 ± 3.0 in the HA group 133 
and 23.4 ± 2.5 in the LA group). This study was conducted according to the guidelines 134 
laid down in the Declaration of Helsinki and all procedures were approved by the ethics 135 
committee of the Queensland University of Technology. Written informed consent was 136 
obtained from all participants prior to participation.  137 
 138 
Design and procedure 139 
The study conformed to a placebo-controlled, two-way crossover design. All participants 140 
completed two experimental test days which differed by the type of dietary manipulation. 141 
The two conditions were α-lactalbumin (LAC) and casein placebo (CAS). The 142 
intervention order was counterbalanced over the two test days with a washout period of 143 
one week.         144 
Participants were instructed not to drink alcohol or take part in vigorous physical activity 145 
for 24h prior to the sessions. Participants were required to consume their regular 146 
breakfast at home by 7.30 a.m. In addition, volunteers were requested to eat a similar 147 
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breakfast on both test days in order to ensure comparable baseline conditions. Figure 1 148 
shows a schematic diagram of the experimental protocol. On arrival at the laboratory at 149 
09:00 a.m. participants completed a questionnaire measuring their previous night’s sleep 150 
quality and compliance to the dietary instructions. Thereafter, participants completed a 151 
20-minute test battery including baseline measurements of mood, appetite and food 152 
hedonics. Then, participants were provided with a snack and the α-lactalbumin or placebo 153 
chocolate drink. Directly after intake, a palatability questionnaire was completed 154 
followed by a ninety minutes rest-period. After this rest period, participants completed a 155 
second test battery session including comparable measurements of mood, appetite and 156 
food hedonics. Immediately after the second test battery, participants were provided with 157 
a lunch including a second α-lactalbumin or placebo chocolate drink and subsequently 158 
completed a post-lunch palatability questionnaire. Ninety minutes after the lunch a third 159 
(pre-stress) test battery was completed followed by the stress task. Immediately after the 160 
stress task, a fourth (post-stress) test battery was completed.  161 
 162 
INSERT FIGURE 1 ABOUT HERE 163 
 164 
Dietary manipulation 165 
During both experimental test days participants received a snack, lunch and two 166 
chocolate drinks that provided a total energy intake of 4229.09 kJ, of which 9% energy 167 
was from fat, 73% energy from carbohydrate and 18% energy from protein. The snack 168 
consisted of biscuits (665.70 kJ) with one chocolate drink (697.94 kJ), whereas lunch 169 
consisted of two slices of bread with ham and jam and a yoghurt (2167.51 kJ), including 170 
an additional chocolate drink (697.94 kJ).  171 
During both days, the foods were equicaloric and similar in appearance, taste and 172 
macronutrient content.  The only characteristic which varied between days was the 173 
protein composition of the chocolate drink. In the α-lactalbumin condition, each 174 
chocolate drink contained 20g α-lactalbumin whey protein (Murray Goulburn, 175 
Melbourne, Australia), and in the control condition each drink contained 20g Calcium 176 
Caseinate (Fonterra Ingredients Innovation, Palmerston North, New Zealand) (Table 1). 177 
The chocolate drink in the α-lactalbumin condition contained 2.6g/100g TRP (Trp/LNAA 178 
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ratio of 7.6), whereas the chocolate drink in the control condition contained 1.3g/100g 179 
TRP (Trp/LNAA ratio of 4). The chocolate drinks did not differ on a range of palatability 180 
ratings (sweet, savoury, filling, satisfying and tasty) (largest F(1)=3.456, p=0.075). On 181 
both experimental days, participants were instructed to consume their snack and lunch 182 
foods within 15 minutes. Participants were not permitted to consume other foods during 183 
the test day until leaving the research laboratory. 184 
  185 
INSERT TABLE 1 ABOUT HERE 186 
 187 
Stress task  188 
A mental arithmetic task, performed during noise-distraction stimulation, was used as an 189 
experimental stressor(26,27). Participants were presented with fifteen 1 minute trials in 190 
which they had to solve multiple-choice mental arithmetic questions on a computer 191 
screen. Simultaneously with the multiple choice questions, three different levels of 192 
industrial noise (65, 70 or 80 dB) were delivered through headphones. In every trial 193 
participants were instructed to correctly solve a minimum target number of calculations. 194 
Participants were informed that the intensity of the noise would be influenced by the 195 
quality of their performance. If they failed to solve the target number correctly, the noise 196 
level would automatically increase during the next trial. If participants solved the target 197 
number correctly they could self-select the noise level. The target number was set so that 198 
participants automatically failed on every trial, hence they were continuously unable to 199 
volitionally select the noise level for subsequent trials.  200 
  201 
Mood 202 
Mood was measured using the Positive and Negative Affect Schedule (PANAS)(36). The 203 
paper-and-pencil version of the PANAS consists of 10 positive affects (e.g. interested, 204 
excited, alert) and 10 negative affects (e.g. distressed, ashamed, nervous). Participants 205 
were asked to rate items on a scale from 1= ‘not at all’ to 5 = ‘extremely’ depending on 206 
their current mood state.  207 
 208 
Appetite 209 
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Subjective sensations of appetite were monitored using a computerized visual analogue 210 
scales (VAS) procedure programmed in E-prime 1.2 software(37). VAS were used to 211 
assess hunger (i.e. how hungry do you feel now?), fullness, desire to eat and appetite for 212 
something sweet and something savoury. Participants responded by placing the cursor on 213 
a line of 100 mm in length. Participants used the mouse to move a centred cursor along 214 
the line and once satisfied with the position of the cursor they clicked on the mouse to 215 
indicate their answer. Each line was anchored on the left side with ‘not at all’ and on the 216 
right side with ‘extremely’. 217 
  218 
Food hedonics  219 
Food hedonics were examined using a novel experimental procedure to measures liking, 220 
wanting and food preference in response to photographic images of food  (38,39,40). Sixteen 221 
food stimuli were presented on a computer screen. The foods were organised into 222 
separate categories of sweet (SW), savory (SA), high fat (HF) and low fat (LF). For a 223 
detailed description of the liking and wanting procedure see ref 38.   224 
Liking was defined as the anticipated pleasure derived from tasting a food and 225 
was measured by presenting each food stimulus one at a time and participants rated their 226 
perceived pleasantness on a 100-unit visual analogue scale anchored at each end with ‘not 227 
at all’ to ‘extremely’ combined with the statement ‘How pleasant would it be to taste this 228 
food now?’ Participants were asked to move a centred cursor along the line to indicate 229 
their response. Mean liking ratings for each food category were calculated(38). 230 
Food preference was defined as the selection of a food over relevant alternatives 231 
at the point of choice and was measured by presenting the food stimuli in pairs and 232 
participants were instructed to select the food they ‘would most like to eat now’ via key-233 
press on the keyboard. This forced choice task consisted of a total of 96 pairs of 234 
combinations, from which the frequency of selections per category was calculated (38). 235 
The computer procedure also records reaction time latencies during the forced 236 
choice task to measure implicit wanting(39) but these data were not used in the present 237 
study. 238 
 239 
Statistical analysis  240 
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Statistical analyses were conducted on data from the 25 participants who completed the 241 
study, since this was not an intention to treat (ITT) analysis. Independent sample t-tests 242 
were performed on key demographic variables to determine whether the groups were 243 
similar in this regard (SPSS 16.0 for Windows). Testing for normal distribution was 244 
conducted using the Shapiro-Wilk test of normality. Since all data were not normally 245 
distributed, logarithmic transformations (log-10) were applied. Transformations were 246 
unsuccessful and as a result the implementation of non-parametric tests was required. 247 
Nevertheless, the research question of the present study focused on investigating 248 
interactions between intervention, group and stress, a goal that can not be achieved with 249 
non-parametric tests. As a solution, data were analyzed with parametric and non-250 
parametric test statistics, resulting in the same conclusion regarding the significance of 251 
effects. For clarity, only parametric test statistics were reported.  252 
The main research question was analyzed by means of univariate analyses of 253 
variance (ANOVA) by using the General Linear Model (GLM) with one between-254 
subjects factor Group (HA vs. LA) and two within subjects factors Diet (LAC vs. CAS) 255 
and Time (baseline vs. pre-stress) or Stress (pre-stress vs. post-stress) as within-subjects 256 
factors on the several dependent measures. To investigate the effects of the intervention 257 
and the effects of stress separately, we included Time (t1 vs. t2 vs. t3) in the first analysis 258 
and Stress (pre-stress, t3 vs. post-stress, t4) in the second analysis as within subjects 259 
factor. Greenhouse-Geisser corrected P values are reported when the sphericity 260 
assumption was not met.  261 
In the initial analyses, BMI was included as covariate, although omitted from the 262 
final analyses due to its insignificance (largest F(1)= 1.724, p=.203). All statistics were 263 
evaluated two-tailed at a significance level of 5%. Data are reported as means ± SD. 264 
 265 
Results 266 
Demographic characteristics 267 
No significant differences existed between the low (LA) and high anxiety (HA) groups 268 
regarding age, BMI and TFEQ eating behavior traits (Table 2). As anticipated, the HA 269 
group had a significantly higher average anxiety score compared to the LA group, t(23) 270 
=-6.998, p<0.0001.  271 
 9
INSERT TABLE 2 ABOUT HERE  272 
 273 
Mood  274 
In the morning period, before the stress task, repeated measures analysis of variance 275 
revealed no interactions and no main effect of Diet on the positive and negative subscales 276 
of the PANAS (Fig. 2). A main effect of Group (F(1,23)=6.232, p=0.020) was revealed 277 
on positive affect (PA). Further analyses showed that the HA group reported a 278 
significantly lower positive mood compared to the LA group after the snack 279 
(F(1,23)=7.250, p=0.013) and after the lunch (F(1,23)=5.163, p=0.033), independent of 280 
diet. There was a main effect of Time (F(2,22)=3.539, p=0.046) on negative affect (NA), 281 
reflecting a decrease in NA after lunch compared to the first morning measurement 282 
(F(1,23)= 7.085, p=0.014). 283 
 284 
Stress Task and Mood 285 
There were no significant interactions after the stress task. A significant main effect of 286 
Stress on mood was revealed, represented by a significant decrease in PA scores 287 
(F(1,23)=13.077, p=0.001), whereas NA scores increased (F(1,23)=18.435, p<0.0001) 288 
after the stress task. These results demonstrated that the stress task was effective at 289 
debilitating mood. There were no significant main effects of Diet on PA or NA after 290 
stress, nor was there a significant Group effect on NA. However, there was a main effect 291 
of Group on PA (F(1,23)=6.688, p=0.017) demonstrating that the HA group reported a 292 
lower positive mood, regardless of diet.     293 
 294 
INSERT FIGURE 2 ABOUT HERE 295 
 296 
Appetite 297 
Prior to the stress task there were no significant interactions or significant main effects of 298 
Diet on subjective sensations of appetite or a main effect of Diet (Fig. 3). However, main 299 
effects of Group and Time were revealed on the subscales hunger, fullness and desire to 300 
eat. The HA group reported feeling hungrier, less full and a stronger desire to eat at 301 
baseline and after snack (lowest F(1,23)=4.711, p=0.041) compared to the LA group. 302 
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Feelings of hunger and desire to eat increased, while fullness decreased after baseline and 303 
snack and the reverse, experiencing less sensations of appetite, occurred after lunch 304 
(lowest F(2,22)=14.101, p<0.0001).  305 
 306 
Stress Task and Appetite 307 
After stress, no significant interactions or significant main effects of Diet or Group were 308 
revealed. There was a main effect of Stress for subjective sensations of appetite. 309 
Specifically, participants reported an increase in hunger and stronger desire to eat, and 310 
lower fullness after the stress task (lowest F(1,23)= 17.055, p<0.0001). Furthermore, the 311 
desire for sweet (F(1,23)=33.440, p<0.0001) and savory foods (F(1,23)=15.974, p=0.001) 312 
increased after the stress task. Importantly, these effects occurred independent of diet or 313 
group. Although the increase in appetite could be partly explained by the demands of the 314 
stressful challenge, some or all of the increase in appetite could simply reflect the natural 315 
rise in hunger during the post-absorptive period.  316 
 317 
INSERT FIGURE 3 ABOUT HERE 318 
 319 
Food hedonics  320 
Data from the food hedonics task were analyzed on the basis of four taste/nutrient 321 
combinations (HFSA, HFSW, LFSA and LFSW) and savory (SA) or sweet (SW) 322 
categories based on the aggregate of high and low fat categories. The results from the 323 
sweet categorization were reported since the hypotheses focused more on the sensory 324 
characteristic of sweetness, rather than the nutrient fat. 325 
 326 
Stress Task and Food Hedonics 327 
Liking 328 
A significant main effect of Stress (F(1,23)=10.641, p=0.003) on liking for sweet foods 329 
was found, indicating that liking of sweet foods increased after stress exposure (Fig 4). 330 
Moreover, univariate analysis revealed a significant Diet x Group interaction on the 331 
liking subtask (F(1,23)=7.356, p=0.012). Further analysis revealed a significant increase 332 
in liking for sweet foods immediately after the stress task during the casein dietary 333 
 11
manipulation compared with the α-lactalbumin manipulation for the HA group only 334 
(t(12)=-4.251, p=0.001). The HA group reported a 49% increase in liking for sweet foods 335 
after the stress task on the casein diet, while reporting only a 9.3% increase in liking for 336 
sweet foods on the α-lactalbumin test day. No significant main or interaction effects were 337 
found on the savory category. 338 
 339 
Food preference 340 
Univariate analysis revealed a significant Diet x Group x Stress interaction on preference 341 
for sweet foods (F(1,23)=7.091, p=0.014). Immediately after the stress task the HA group 342 
reported an increase in sweet food preference (10%) on the casein test day compared with 343 
a decreased preference for sweet foods (9%) on the α-lactalbumin test day (t(12)=3.336, 344 
p=0.006), while this was not found for the LA group (t(11)=-0.063, p=0.951).  345 
 346 
INSERT FIGURE 4 ABOUT HERE  347 
 348 
Discussion 349 
The current study examined the acute effects of α-lactalbumin on subjective mood and 350 
eating behavior in individuals with low- and high-trait anxiety before and after exposure 351 
to a stress task. It was expected that any detrimental effects of acute stress on mood and 352 
eating behavior in high-trait anxiety individuals would be alleviated by 5-HTergic 353 
augmentation via α-lactalbumin. Nonetheless, dietary supplemented α-lactalbumin did 354 
not exert any immediate effects on stress, mood or appetite ratings. In contrast, α-355 
lactalbumin significantly exerted a selective effect on liking and preference for sweet 356 
foods which only occurred in high trait-anxiety individuals.  357 
Numerous previous studies from different research groups reported a 50-130% 358 
rise in plasma Trp/LNAA after the same dose of comparable α-lactalbumin protein 359 
sources(26,27,28,31,32). Since a 50% increase in plasma Trp/LNAA is believed to cause 360 
meaningful changes in brain TRP and 5-HT(26,41,42,43,44,45) it seems justified to assume that 361 
after the α-lactalbumin supplement more TRP was available for uptake in the brain in the 362 
present study. In addition, α-lactalbumin was expected to enhance brain 5-HT function, 363 
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thereby preventing subsequent detrimental effects of stress exposure on mood and eating 364 
behavior particularly in high-trait anxiety individuals.  365 
Data revealed debilitated mood after acute stress exposure, thereby confirming 366 
successful stress induction by the stress task. This was characterised by a decrease in 367 
positive affect and an increase in negative affect. This effect of the stress task on affective 368 
changes is comparable with physiological changes including cardiovascular (pulse rate, 369 
skin conductance, blood pressure) and endocrine (cortisol) stress response after this 370 
particular task(26,27,46,47). The stress task also increased subjective appetite sensations, a 371 
finding that has often been demonstrated under mood-inducing stressful 372 
circumstances(23,24,25,48,49,50,51).   373 
It was hypothesized that high-trait anxiety individuals would report greater mood 374 
decline after the stress task than low-trait anxiety individuals and that α-lactalbumin 375 
would prevent such a stress-induced deterioration of mood in high-trait anxiety 376 
individuals. This expectation was based on the assumption that high trait-anxiety relates 377 
to chronic stress and promotes brain 5-HTergic vulnerability. It was proposed that hyper 378 
secretion of cortisol and/or increased breakdown of 5-HT may alter brain 5-HT 379 
responsiveness due to compensatory receptor sensitization(18,19,20,21). Consequently, α-380 
lactalbumin was expected to improve brain 5-HT function and, accordingly, stress coping 381 
and mood most strongly in individuals with high-trait anxiety scores.  382 
However, the negative effects of stress on mood did not differentiate between the 383 
low- and high-trait anxiety groups and this was not moderated by the acute α-lactalbumin 384 
manipulation. These findings seem to conflict with previous data of Markus et al.(26) 385 
which observed a protective effect on stress-induced changes in mood and cortisol stress 386 
responses exclusively in individuals scoring high on neuroticism compared with 387 
individuals with low neuroticism scores. There are several potential explanations for the 388 
conflicting findings. Firstly, the present study included a rather general positive or 389 
negative mood measurement (PANAS), whereas Markus et al.(26) used five subscales of 390 
the POMS, which reveals mood changes in several specific directions, including 391 
depression. Secondly, in the current study chronic stress vulnerability was 392 
operationalized on the basis of trait-anxiety and participants were separated by a median 393 
split in trait-anxiety scores. This resulted in two relatively small groups with upper 394 
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(STAI=45) or lower (STAI=30) normal-range scores. Markus et al.(26) operationalized 395 
chronic stress on basis of extreme neuroticism scores and subsequently included two 396 
large groups either selected from the highest quartile of Inadequacy-scores (IN=26) or 397 
lowest quartile of Inadequacy-scores (IN=4). Even though the high-trait anxiety group in 398 
the present study reported lower positive baseline mood than the low trait-anxiety group, 399 
using a median-split difference on trait-anxiety scores may still be less sufficient to 400 
distinguish chronic stress and related 5-HTergic vulnerability.  401 
Whilst a stress-induced increase in the desire for sweet foods has been reported 402 
previously(48,49,50,51), these are the first data to reveal that the effect is moderated by an 403 
acute dietary manipulation. Theoretically, this stress induced preference for sweet foods 404 
may relate to a stress-induced deterioration in mood and hence brain 5-HT(18,19,52). In 405 
addition, such changes in 5-HT are believed to alter 5-HT function in the ventromedial 406 
hypothalamus, that selectively influence intake of sweet carbohydrate-rich foods(e.g. 53,54). 407 
Based on the assumption that 5-HT is involved in moderating stress and mood, and that 408 
trait-anxiety is associated with chronic stress induced 5-HT vulnerability, it was expected 409 
that the high-trait anxiety individuals would be sensitive to the combination of α-410 
lactalbumin and stress exposure. The α-lactalbumin manipulation prevented an increase 411 
in liking and preference for sweet foods after stress exclusively in high-trait anxiety 412 
individuals. These data support the concept that over-consumption can be driven by non-413 
homeostatic processes. Indeed, it strongly implicates a role for hedonic (i.e. sensorily 414 
driven) processes of over-consumption in conjunction with exposure to stress(48,49).  415 
As previously mentioned, the present study did not measure variations in plasma 416 
Trp/LNAA ratio to verify dietary effects. However, based on previous 417 
research(26,27,28,31,32) it is assumed that the Trp/LNAA ratio was augmented in the current 418 
study. Nevertheless, two confounding factors might have influenced the magnitude of 419 
changes in the plasma Trp/LNAA ratio. Firstly, participants were allowed to eat their 420 
regular breakfast on both test days which might have influenced the baseline Trp/LNAA 421 
ratio and/or the magnitude of treatment effect on these amino acids. Nevertheless, 422 
participants consumed an identical breakfast on both test days in a cross-over design 423 
which leaves it highly unlikely that this was a meaningful confounding factor. Secondly, 424 
the study did not control for the menstrual cycle of female participants. Both 5-HT levels 425 
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as well as mood and eating behavior correlate with the menstrual cycle(55,56,57). 426 
Specifically, during the follicular phase women have higher 5-HT levels and experience 427 
more positive mood, less appetite and less desire to eat sweet foods compared to the 428 
luteal phase of the cycle(57). Ideally, test days should have been separated by four weeks 429 
to allow for the control of the menstrual cycle. No information was collected on 430 
menstrual cycle – hence it was not possible to account for menstrual cycle variation.  431 
A final consideration refers to the stress paradigm used in the current study. 432 
Although this particular stress task has already been shown to cause psychological, 433 
cardiovascular and endocrine stress responses(26,27,46,47), only psychological (mood) 434 
changes were used to confirm stress induction in the present study.  435 
 In conclusion, tryptophan-rich alpha-lactalbumin protein prevented a stress-436 
induced increase in liking and preference for sweet foods exclusively in individuals with 437 
high trait anxiety scores.  This effect occurred despite no impact of diet on subjective 438 
mood or overall appetite. Since α-lactalbumin is found to increase brain 5-HT, these data 439 
suggest greater brain 5-HTergic vulnerability for stress-induced eating behavior 440 
particularly in high-trait anxious individuals. The beneficial effects of brain 5-HT 441 
manipulation in high-trait anxiety individuals are expected to become stronger, and may 442 
even improve a stress induced mood decline, when including a more rigorous stressful 443 
task. In addition, clinical or sub-clinical individuals with more severe brain 5-HTergic 444 
vulnerabilities should be included in further studies to explore whether α-lactalbumin 445 
could have therapeutic potential in 5-HT related disorders such as depression or eating 446 
disturbances.  447 
 448 
Acknowledgements 449 
Alpha-lactalbumin and casein protein were provided respectively by Murray Goulburn, 450 
(Melbourne, Australia) and Fonterra Ingredients Innovation (Palmerston North, New 451 
Zealand), whose support is gratefully acknowledged. This research received no specific 452 
grant from any funding agency in the public, commercial or not-for-profit sectors. 453 
Authors EV and NAK designed the study. EV wrote the manuscript and conducted the 454 
statistical analysis under supervision of NAK. GFJ, JB and RCM reviewed the 455 
 15
manuscript. All authors contributed to and have approved the final manuscript. The 456 
authors declare no conflict of interest. 457 
 458 
 459 
460 
 16
References 461 
 (1) Carrasco JL & Sandner C (2005) Clinical effects of pharmacological variations in 462 
selective serotonin reuptake inhibitors: an overview. Int J Clin Pract 59, 1428-463 
1434. 464 
(2) Edwards JG & Anderson I (1999) Systematic review and guide to selection of 465 
selective serotonin reuptake inhibitors. Drugs 57, 507-533. 466 
(3) Thase ME, Trivedi MH & Rush AJ (1995) MAOIs in the contemporary treatment of 467 
depression. Neuropsychopharmacology 12, 185-219. 468 
(4) To SE, Zepf RA & Woods AG (2005) The symptoms, neurobiology, and current 469 
pharmacological treatment of depression. J Neurosci Nurs 37, 102-107. 470 
(5) Halford JC, Harrold JA, Lawton CL, et al. (2005) Serotonin (5-HT) drugs: effects on 471 
appetite expression and use for the treatment of obesity. Curr Drug Targets 6, 472 
201-213. 473 
(6) Leibowitz SF & Alexander JT (1998) Hypothalamic serotonin in control of eating 474 
behavior, meal size, and body weight. Biol Psychiatry 44, 851-864. 475 
(7) Wurtman J, Wurtman R, Mark S, et al. (1985) d-Fenfluramine selectively suppresses 476 
carbohydrate snacking by obese subjects. Int J Eat Disord 4, 89-99. 477 
(8) McAllister-Williams RH, Ferrier IN & Young AH (1998) Mood and 478 
neuropsychological function in depression: the role of corticosteroids and 479 
serotonin. Psychol Med 28, 573-584. 480 
(9) Simansky KJ (1996) Serotonergic control of the organization of feeding and satiety. 481 
Behav Brain Res 73, 37-42. 482 
(10) Brewerton TD (1995) Toward a unified theory of serotonin dysregulation in eating 483 
and related disorders. Psychoneuroendocrinology 20, 561-590. 484 
(11) Riedel WJ, Klaassen T & Schmitt JA (2002) Tryptophan, mood, and cognitive 485 
function. Brain Behav Immun 16, 581-589. 486 
(12) Bell C, Abrams J & Nutt D (2001) Tryptophan depletion and its implications for 487 
psychiatry. Br J Psychiatry 178, 399-405. 488 
(13) Bell CJ, Hood SD & Nutt DJ (2005) Acute tryptophan depletion. Part II: clinical 489 
effects and implications. Aust N Z J Psychiatry 39, 565-574. 490 
 17
(14) Booij L, Van der Does AJ & Riedel WJ (2003) Monoamine depletion in psychiatric 491 
and healthy populations: review. Mol Psychiatry 8, 951-973. 492 
(15) Booij L, Van der Does AJ, Haffmans PM, et al. (2005) The effects of high-dose and 493 
low-dose tryptophan depletion on mood and cognitive functions of remitted 494 
depressed patients. J Psychopharmacol 19, 267-275. 495 
(16) Van der Does AJ (2001) The effects of tryptophan depletion on mood and 496 
psychiatric symptoms. J Affect Disord 64, 107-119. 497 
(17) Weltzin TE, Fernstrom MH, Fernstrom JD, et al. (1995) Acute tryptophan depletion 498 
and increased food intake and irritability in bulimia nervosa. Am J Psychiatry 152, 499 
1668-1671. 500 
(18) Firk C & Markus CR (2007) Review: Serotonin by stress interaction: a susceptibility 501 
factor for the development of depression? J Psychopharmacol 21, 538-544. 502 
(19) Jans LA, Riedel WJ, Markus CR et al. (2007) Serotonergic vulnerability and 503 
depression: assumptions, experimental evidence and implications. Mol Psychiatry 504 
12, 522-543. 505 
(20) Markus CR, Panhuysen G, Tuiten A, et al. (1998) Does carbohydrate-rich, protein-506 
poor food prevent a deterioration of mood and cognitive performance of stress-507 
prone subjects when subjected to a stressful task? Appetite 31, 49-65. 508 
(21) Van Praag HM (1996) Faulty cortisol/serotonin interplay. Psychopathological and 509 
biological characterisation of a new, hypothetical depression subtype (SeCA 510 
depression). Psychiatry Res 65, 143-157. 511 
(22) Felsten G (2004) Stress reactivity and vulnerability to depressed mood in college 512 
students. Pers Indiv Differ 36, 789-800. 513 
(23) Oliver G, Wardle J & Gibson EL (2000) Stress and food choice: a laboratory study. 514 
Psychosom Med 62, 853-865. 515 
(24) Zellner DA, Loaiza S, Gonzalez Z, et al. (2006) Food selection changes under stress. 516 
Physiol Behav 87, 789-793. 517 
(25) Epel E, Lapidus R, McEwen B et al. (2001) Stress may add bite to appetite in 518 
women: a laboratory study of stress-induced cortisol and eating behavior. 519 
Psychoneuroendocrinology 26, 37-49. 520 
 18
(26) Markus CR, Olivier B, Panhuysen GE,  et al. (2000) The bovine protein alpha-521 
lactalbumin increases the plasma ratio of tryptophan to the other large neutral 522 
amino acids, and in vulnerable subjects raises brain serotonin activity, reduces 523 
cortisol concentration, and improves mood under stress. Am J Clin Nutr 71, 1536-524 
1544. 525 
(27) Markus CR, Olivier B & de Haan EH (2002) Whey protein rich in alpha-lactalbumin 526 
increases the ratio of plasma tryptophan to the sum of the other large neutral 527 
amino acids and improves cognitive performance in stress-vulnerable subjects. 528 
Am J Clin Nutr 75, 1051-1056. 529 
(28) Markus CR, Jonkman LM, Lammers JH, et al. (2005) Evening intake of alpha-530 
lactalbumin increases plasma tryptophan availability and improves morning 531 
alertness and brain measures of attention. Am J Clin Nutr 81, 1026-1033. 532 
(29) Heine W, Radke M, Wutzke KD, et al. (1996) alpha-Lactalbumin-enriched low-533 
protein infant formulas: a comparison to breast milk feeding. Acta Paediatr 85, 534 
1024-1028. 535 
(30) Lehnert H & Wurtman RJ (1993) Amino acid control of neurotransmitter synthesis 536 
and release: physiological and clinical implications. Psychother Psychosom 60, 537 
18-32. 538 
(31) Merens W, Booij L, Markus R, et al. (2005) The effects of a diet enriched with 539 
alpha-lactalbumin on mood and cortisol response in unmedicated recovered 540 
depressed subjects and controls. Br J Nutr 94, 415-422. 541 
(32) Beulens JW, Bindels JG, de Graaf C, et al. (2004) Alpha-lactalbumin combined with 542 
a regular diet increases plasma Trp-LNAA ratio. Physiol Behav 81, 585-593. 543 
(33) Spielberger CD, Gorsuch RC & Lushene RE (1970) Manual for the State Trait 544 
Anxiety Inventory. Palo Alto, CA: Consulting Psychologists Press.  545 
(34) Bieling PJ & Alden LE (1997) The consequences of perfectionism for patients with 546 
social phobia. Br J Clin Psychol 36 (Pt 3), 387-395. 547 
(35) Bieling PJ, Antony MM & Swinson RP (1997) The State-Trait Anxiety Inventory, 548 
Trait version: Structure and content re-examined. Behav Res Ther 36, 777-788.  549 
 550 
 19
(36) Watson D, Clark LA & Tellegen A (1988) Development and validation of brief 551 
measures of positive and negative affect: the PANAS scales. J Pers Soc Psychol 552 
54, 1063-1070. 553 
(37) Schneider W, Eschman A, Zuccolotto A (2002) E-Prime user’s guide. Pittsburgh, 554 
PA: Psychology Software Tools.   555 
(38) Finlayson G, King N & Blundell JE (2007) Is it possible to dissociate 'liking' and 556 
'wanting' for foods in humans? A novel experimental procedure. Physiol Behav 557 
90, 36-42. 558 
(39) Finlayson G, King N & Blundell J (2008) The role of implicit wanting in relation to 559 
explicit liking and wanting for food: implications for appetite control. Appetite 50, 560 
120-127. 561 
(40) Finlayson G, King N & Blundell JE (2007) Liking vs. wanting food: importance for 562 
human appetite control and weight regulation. Neurosci Biobehav Rev 31, 987-563 
1002. 564 
(41) Fernstrom JD (1999) Aromatic amino acids and monoamine synthesis in the central 565 
nervous system: influence of the diet. J Nutr Biochem 1, 508–517. 566 
(42) Fernstrom JD & Wurtman RJ (1971) Brain serotonin content: increase following 567 
ingestion of carbohydrate diet. Science 174, 1023-1025. 568 
(43) Fernstrom JD & Wurtman RJ (1972) Brain serotonin content: physiological 569 
regulation by plasma neutral amino acids. Science 178, 414-416. 570 
(44) Curzon G (1985) Effects of food intake on brain transmitter amine precursors and 571 
amine synthesis. In Psychopharmacology and food, pp. 59-70 [M Sandler and T 572 
Silverstone, editors]. Oxford: Oxford University Press.   573 
(45) Orosco M, Rouch C, Beslot F, et al. (2004) Alpha-lactalbumin-enriched diets 574 
enhance serotonin release and induce anxiolytic and rewarding effects in the rat. 575 
Behav Brain Res 148, 1-10. 576 
(46) Peters ML, Godaert GL, Ballieux RE, et al. (1998) Cardiovascular and endocrine 577 
responses to experimental stress: effects of mental effort and controllability. 578 
Psychoneuroendocrinology 23, 1-17. 579 
 20
(47) Markus CR, Panhuysen G, Tuiten A, et al. (1998) Does carbohydrate-rich, protein-580 
poor food prevent a deterioration of mood and cognitive performance of stress-581 
prone subjects when subjected to a stressful task? Appetite 31, 49-65. 582 
(48) Newman E, O'Connor DB & Conner M (2008) Attentional biases for food stimuli in 583 
external eaters: possible mechanism for stress-induced eating? Appetite 51, 339-584 
342. 585 
(49) Conner M, Fitter M, Fletcher W (1999) Stress and snacking: A diary study of daily 586 
hassles and between-meal snacking. Psychol Health 14, 51–63.  587 
(50) Greeno CG & Wing RR (1994) Stress-induced eating. Psychol Bull 115, 444-464.  588 
(51) Rutters F, Nieuwenhuizen AG, Lemmens SG, et al. (2009) Acute stress-related 589 
changes in eating in the absence of hunger. Obesity (Silver Spring) 17, 72-77. 590 
(52) Markus CR (2008) Dietary amino acids and brain serotonin function; implications 591 
for stress-related affective changes. Neuromolecular Med 10, 247-258. 592 
(53) Blundell JE (1984) Serotonin and appetite. Neuropharmacology 23, 1537-1551. 593 
(54) Leibowitz SF & Alexander JT (1998) Hypothalamic serotonin in control of eating 594 
behavior, meal size, and body weight. Biol Psychiatry 44, 851-864. 595 
(55) Dimmock PW, Wyatt KM, Jones PW, et al. (2000) Efficacy of selective serotonin-596 
reuptake inhibitors in premenstrual syndrome: a systematic review. Lancet 356, 597 
1131-1136. 598 
(56) Dye L & Blundell JE (1997) Menstrual cycle and appetite control: implications for 599 
weight regulation. Hum Reprod 12, 1142-1151. 600 
(57) Hindberg I & Naesh O (1992) Serotonin concentrations in plasma and variations 601 
during the menstrual cycle. Clin Chem 38, 2087-2089.  602 
 603 
  604 
 605 
